Review

EMBO

reports

Metabolic implications of organelle—
mitochondria communication

Isabel Gordaliza-Alaguero™**@, Carlos Cant6*® & Antonio Zorzano™**

Abstract

Cellular organelles are not static but show dynamism—a property
that is likely relevant for their function. In addition, they interact
with other organelles in a highly dynamic manner. In this review,
we analyze the proteins involved in the interaction between mito-
chondria and other cellular organelles, especially the endoplasmic
reticulum, lipid droplets, and lysosomes. Recent results indicate
that, on one hand, metabolic alterations perturb the interaction
between mitochondria and other organelles, and, on the other
hand, that deficiency in proteins involved in the tethering between
mitochondria and the ER or in specific functions of the interaction
leads to metabolic alterations in a variety of tissues. The interac-
tion between organelles is an emerging field that will permit to
identify key proteins, to delineate novel modulation pathways, and
to elucidate their implications in human disease.
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Contacts between mitochondria and other organelles

Mitochondria are highly dynamic and social organelles. They
undergo continuous morphological changes to maintain cellular
homeostasis; i.e., they fuse in response to specific physiological
conditions, they divide to facilitate their removal by autophagy, and
they maintain dynamic contacts with other membranous compart-
ments of the cell. Mitochondria communicate with the endoplasmic
reticulum (ER), lipid droplets (LDs), Golgi apparatus, lysosomes,
melanosomes, and peroxisomes by establishing physical contacts
(Fig 1). Fluorescent labeling of all these organelles in vivo has
recently revealed cellular regions where three or more of these orga-
nelles physically interact [1]. Mitochondria and ER actively commu-
nicate, and their contact sites are important hubs for lipid

trafficking, mitochondrial dynamics, Ca®*" signaling, ER stress,
apoptosis, and macroautophagy. Mitochondria-ER contact sites are
also referred to as MERCs or when studied at a biochemical level
MAMs (mitochondria-associated membranes). The contacts
between mitochondria and LD functionally support triacylglyceride
synthesis [2], and they are sustained by the interaction between
MFN2 and PLIN1 [3]. Apposition of the Golgi apparatus and mito-
chondria has been demonstrated by microscopy techniques;
however, the molecular features of this interaction remain poorly
understood [4,5]. Mitochondria incorporate Ca?* excess from the
Golgi apparatus and have been proposed as a source of ATP for this
organelle [4]. The contacts between mitochondria and lysosomes
have been described to regulate mitochondrial fission, as well as
lysosomal dynamics, by RAB7 GTP hydrolysis [6]. Melanosomes,
which are lysosome-related organelles that store pigments, also
interact with mitochondria [7]. These sites are associated with the
process of melanogenesis [7]. MFN2 has been found at these areas
of juxtaposition, and its knockdown reduces these interorganelle
connections [7]. Peroxisomes and mitochondria interact through
TOM20 in the mitochondria and ECI2 in peroxisomes. This interac-
tion has functional implications in steroid biosynthesis in mouse
Leydig cells [8]. Of all the mitochondrial contacts, those with ER are
the best characterized to date, and some metabolic implications of
those contacts have been also documented. The contacts between
mitochondria and LDs or lysosomes are currently gaining insight
and relevance and their potential metabolic implications are in the
spotlight. In this review, we focus mainly on the molecular biology
of mitochondria-ER, mitochondria-LD, and mitochondria-lysosome
contacts and their involvement in metabolism.

Architecture of mitochondria—ER tethers

The structural scaffold of ER-mitochondria contact sites consists of
proteins inserted in the outer mitochondrial membrane (OMM) that
interact with those in the ER membrane. Available data indicate that
ER bridging to mitochondria is governed by the following protein
complexes (Fig 2): VAPB in the ER and PTPIP51 in mitochondria
[9]; inositol 1,4,5-triphosphate receptors (IP3R1/2/3) in the ER and
GRP?75, together with VDACI1 in mitochondria [10]; BAP31 in the ER
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ABHD5
ACSL1
Agrp
AKT
ATAD3A
ATF4
ATF6
ATG12
ATG14
ATG16L1
ATG5
ATGL
BAK
BAP31
BAT
BAX
BCL2
BECN1
BiolD
BiP
Ca2+
Ccl2
CDIP
CEBPA
CHOP
CIDEA
CYP11A1
CypD
DRP1
ECI2
elF2a
ER
ERK
ERLIN2
ERMES
FACL4
FDB
FGF21
FIS1
FUNDC1
GLUT4
GM1
GRP75
GRP94
GTPase
GTP
H,0,
HDL
HFD
16
IMM
INF2
IP3R1/2/3
IREla
JNK
LC3

LD

M1
MAM
MAPK
MCU
MDV
MEF
MEK
MERC
MFF
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1-acylglycerol-3-phosphate O-acyltransferase
Acyl-CoA synthase long chain family member 1
Agouti-related protein

Protein kinase B

ATPase family, AAA domain containing 3A
Activating transcription factor 4
Activating transcription factor 6
Autophagy related 12

Autophagy related 14

Autophagy related 16 like 1

Autophagy related 5

Adipose triglyceride lipase

Bcl-2 homologous antagonist/killer

B-cell receptor-associated protein 31
Brown adipose tissue

BCL2-associated X

Apoptosis regulator B-cell lymphoma 2
Beclin 1

Proximity dependent biotin identification
Binding immunoglobulin protein

Calcium

C-C motif chemokine ligand 2

Cell death-inducing p53-target protein 1
CCAAT/enhancer-binding protein alpha
CCAAT/enhancer-binding protein homologous protein
Cell death-inducing DFFA-like effector a
Cytochrome P450 family 11 subfamily A member 1
Cyclophilin D

Dynamin-related protein 1

Enoyl-CoA delta isomerase 2

Eukaryotic initiation factor 2 alpha
Endoplasmic reticulum

Extracellular signal-regulated kinase

ER lipid raft associated 2
ER-mitochondria encounter structure
Fatty acid-CoA ligase 4

Flexor digitorum brevis

Fibroblast growth factor 21
Mitochondrial fission 1

FUN14 domain-containing protein 1
Glucose transporter type 4
Gangliosidosis-1

Glucose-regulated protein 75
Glucose-regulated protein 94

GTP hydrolase

Guanosine 5'-triphosphate

Hydrogen peroxide

High-density lipoprotein

High-fat diet

Interleukin 6

Inner mitochondrial membrane

Inverted formin 2

Inositol 1,4,5-triphosphate receptors 1, 2 and 3
Inositol-requiring enzyme 1 alpha

c-Jun N-terminal kinase
Microtubule-associated protein 1A/1B-light chain 3
Lipid droplet

Classically activated macrophages
Mitochondria-associated membranes
Mitogen-activated protein kinase
Mitochondrial calcium uniporter
Mitochondria-derived vesicle

Mouse embryonic fibroblasts
Mitogen-activated protein kinase kinase
Mitochondria—ER contact sites
Mitochondria fission factor
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MFN1
MFN2
MiD49/51
MOSPD2
MPTP
mRNA
mtDNA
mTORC1
mTORC2
mTOR
OMM
OPA1
ORP5
ORPS8
OSBP
OXPHOS
PACS2
PC
PDK4
PDZD8
PEMT
PE

PERK
PI3K
PI4P
PISD
PLIN1
PLIN5S
POMC
PPARy
PS

PSS1
PSS2
PTPIP51
RAB5S
RAB7
ROS
RYR1/2/3
SEC61
SERCA
SLC
SMP
SNAP23
SREBP1C
STARD1/3/4

StAR
START
STX17
TAG
TBC1D15
TCHP
TG2
Tnfa
TOM20
TOM22
TOM40
TOM70
TSPO
UCP1
UPR
VAMP4
VAPB
VDAC1
VDAC2
VDAC
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Mitofusin 1

Mitofusin 2

Mitochondrial dynamics proteins 49 and 51
Motile sperm domain containing 2

Mitochondrial permeability transition pore
Messenger ribonucleic acid

Mitochondrial deoxyribonucleic acid

Mammalian target of rapamycin complex 1
Mammalian target of rapamycin complex 2
Mammalian target of rapamycin

Outer mitochondrial membrane

Optic atrophy 1

Oxysterol-binding protein—related protein 5
Oxysterol-binding protein—related protein 8
Oxysterol-binding protein

Oxidative phosphorylation

Phosphofurin acidic cluster sorting protein 2
Phosphatidylcholine

Pyruvate dehydrogenase kinase 4

PDZ domain-containing protein 8
Phosphatidylethanolamine N-methyltransferase
Phosphatidylethanolamine

Protein kinase RNA-like endoplasmic reticulum kinase
Phosphatidylinositol-3-kinase
Phosphatidylinositol 4-phosphate
Phosphatidylserine decarboxylase proenzyme
Perilipin 1

Perilipin 5

Pro-opiomelanocortin

Peroxisome proliferator-activated receptor gamma
Phosphatidylserine

Phosphatidylserine synthase-1
Phosphatidylserine synthase-2

Protein tyrosine phosphatase interacting protein 51
Ras-related protein Rab-5

Ras-related protein Rab-7

Reactive oxygen species

Ryanodine receptors 1, 2, and 3

Protein transport protein Sec61l
Sarco/endoplasmic reticulum Ca**-ATPase

Solute carrier protein

Synaptotagmin-like mitochondrial-lipid-binding domain
Synaptosomal-associated protein 23

Sterol regulatory element-binding protein 1
Steroidogenic acute regulatory lipid transfer domain
proteins 1, 3, and 4

Steroidogenic acute regulatory protein
StAR-related lipid transfer

Syntaxin 17

Triacylglycerides

TBC1 domain family member 15

Trichoplein

Transglutaminase 2

Tumor necrosis factor alpha

Translocase of outer mitochondrial membrane 20
Translocase of outer mitochondrial membrane 22
Translocase of outer mitochondrial membrane 40
Translocase of outer mitochondrial membrane 70
Translocator protein

Uncoupling protein 1

Unfolded protein response

Vesicle-associated membrane protein 4
VAMP-associated Protein B

Voltage-dependent anion channel 1
Voltage-dependent anion channel 2
Voltage-dependent anion channels
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Glossary (continued)

VPS13A Vacuolar protein sorting-associated protein 13 A WASF3 Wiskott—Aldrich syndrome protein family member 3
VPS15 Vacuolar protein sorting-associated protein 15 WAT White adipose tissue

VPS34 Vacuolar protein sorting-associated protein 34 XBP1 X-box binding protein 1

Vps39 Vacuolar protein sorting-associated protein 39 Ypt7 GTP-binding protein YPT7
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Figure 1. Contacts between mitochondria and other organelles.

Mitochondria interact with other membranous compartments in the cell. Mitochondria interact with the Golgi apparatus; however, the identities of the proteins involved
in this interaction have not been discovered yet. Mitochondria are also in contact with lysosomes, but the mediators of these contacts remain unknown. MFN2 in
mitochondria interacts with melanosomes. ECI2 and TOM20 bridge the peroxisome to the mitochondria. Mitochondria are anchored to lipid droplets by the MFN2—-PLIN1
interaction. Mitochondria—ER contacts harbor a singular architecture and are hubs for several cellular processes such as Ca?* signaling and lipid trafficking (see further
details in Figs 2 and 3).

and FIS1 in mitochondria [11]; and MFN2 both in the ER and mito- been proposed as a new tethering protein in the ER that interacts
chondria [12]. These proteins not only shape mitochondria-ER with PTPIP51 [14]. MOSPD?2 is located at the contact sites of the ER
contacts but also participate in the functions associated with these with other organelles [14]. IP3Rs, GRP75, and VDACI form the gate
domains. PTPIP51 and VAPB are necessary to maintain Ca®" trans- through which Ca®* leaves the ER and enters mitochondria [10].
port between the ER and mitochondria [13]. Recently, MOSPD2 has These proteins are core components of a bigger complex specialized

© 2019 The Authors EMBO reports  20: e47928|2019 3 of 27
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in calcium channeling. Tethering capacity and calcium flux are
sustained by the mitochondrial proteins PDK4 and TG2 [15]. The
BAP31-FIS1 interaction is established at the MAM, upstream of
apoptosis induction [11]. Moreover, this complex also participates
in mitochondrial fission: FIS1 is a receptor for DRP1 in mitochon-
dria, the major player in mitochondrial fission [16], and BAP31,
once cleaved, is able to induce mitochondrial fission [17]. MFN2 is
localized both in the mitochondria and in the ER, and in both cases,
it is able to homooligomerize and to heteroligomerize with MFNI1 to
tether both organelles or to promote mitochondrial fusion [18,19].
Furthermore, the lack of MFN2 results in reduced mitochondrial
Ca’" uptake and in autophagosome formation arrest [12,20].
Although several studies argue that MFN2 is an organelle spacer
[21,22], rather than a tether, we consider that the available data
strongly support the role of MFN2 as a tether [12,23,24]. A recent
study has suggested that another mitochondria-ER tethering
complex could exist containing BiP in the ER membrane toward the
ER lumen, WASF3 at the cytoplasm, and ATAD3A in the inner mito-
chondrial membrane (IMM) [25] (Fig 2). ATAD3A, WASF3, and BiP
co-immunoprecipitate and silencing of ATAD3A downregulates BiP
and WASF3 [25]. Given the location of these proteins in the cell, it
is likely that they are part of a larger complex whose components
remain undescribed.

Partial or total ablation of tethering proteins influences the
architecture of mitochondria-ER contact sites. GRP75 silencing
decreases the interaction between IP3R1 and VDACI1 both in

ER VAPB MOSPD2 IP;R
Q ” GRP75
TG2
i m
IMS PTPIP51 PTPIP51 VDAC
IMM

o

e

Mitochondrion
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HT22 mouse hippocampal neurons cells and in HuH7 human
hepatocarcinoma cells [26,27]. This effect is also observed upon
MFN2 knockdown in HuH7 cells and H9c2 rat cardiomyoblasts
[27,28]. VDACI partial ablation diminishes the number of interac-
tion spots between GRP75 and IP3R1 in HuH7 cells [27]. IP3RI
silencing in hepatocytes does not alter the protein levels of the
other IP3Rs [29]. Pdk4 ablation in mice results in decreased
MAM formation in skeletal muscle [15]. Tg2 ablation in mouse
embryonic fibroblasts (MEF) decreases the quantity of mitochondria—
ER contact sites [30]. Vapb knockdown does not affect PTPIP51
expression or vice versa in NSC34 mouse motor neuron-like cells;
however, it does reduce mitochondria-ER association [13]. In line
with this, Ptpip51 silencing in rat neonatal cardiomyocytes
reduces mitochondria-ER contacts [31]. Moreover, the downregu-
lation of Vapb or Ptpip5S1 in NSC34 cells does not affect total
MFN2 expression [13]. MFN2 knockdown in human lung cancer
H838 cells leads to an increase in ATAD3A localization to the
MAM [32]. Both total and partial ablation of Mfn2 in MEF cells
increases the distance between the ER and mitochondria [23]. In
agreement with this finding, in flexor digitorum brevis (FDB)
muscles, mitochondria and ER apposition is reduced upon tempo-
ral Mfn2 depletion [33]. It is likely that additional tethers or spac-
ers will be identified in the future and that they will allow a
more global view of the proteins involved in the maintenance of
mitochondria-ER contacts. In addition, further studies are needed
to determine whether the ablation of a single protein modifies the

BiP

MFN2 BAP31

WASF3

MFN1/2 FIS1

ATAD3A

© EMBO

Figure 2. The architecture of mitochondria—-ER contact sites: tethering complexes.

Mitochondria are bridged to the ER by several protein complexes. In the ER, VAPB or MOSPD2 bind to PTPIP51 in mitochondria. IP3R in the ER is anchored to VDAC in the
OMM by the cytosolic protein GRP75. MFN2 is present both at the ER and in the OMM. From the ER, MFN2 interacts with either MFN1 or MFN2 in the mitochondria. BAP31 in
the ER partners up with FIS1 in the mitochondria. BiP in the ER, WASF3 in the cytosol, and ATAD3A in the IMM have been suggested to form a complex that tethers both

organelles.
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expression of proteins or of genes involved in a different tether
and to know whether these structures cooperate.

Functions linked to the mitochondria—ER contacts

The interface between ER and mitochondria harbors processes that
are essential for the cell (Fig 3; Table 1). In this review, we have
classified these processes in six groups: traffic of lipids, mitochon-
drial dynamics, Ca** signaling, ER stress, apoptosis initiation, and
autophagosome formation.

Lipid trafficking

Intracellular lipid transport can occur by flip-flop from one side of a
bilayer to the other, by vesicular trafficking, by lipid transfer
proteins, or by diffusion within a bilayer [34]. MAMs are hubs for

non-vesicular phospholipid and cholesterol transport, and this

EMBO reports

process is linked to the synthesis of phospholipid and cholesterol
intermediates. In this chapter, we analyze the progress in the traffic
of lipids between ER and mitochondria and we highlight the remain-
ing unexplored questions. Most of the advances so far have been
obtained in cellular models, and in vivo assays would provide these
findings with more robustness.

At the ER, phosphatidylcholine (PC) is converted into phos-
phatidylserine (PS) by PSS1 [35]. Mitochondria are not able to
synthesize PS and therefore receive it from the ER [36,37]. The
decarboxylation of PS in the mitochondria by PISD produces phos-
phatidylethanolamine (PE) [36,38]. This newly synthesized PE can
then be translocated to the ER [37], where it is converted to PC by
PEMT [39] or, less likely, to PS by PSS2 [35]. The discovery that
newly synthesized PS and PE are transported between ER and
mitochondria in a non-vesicular manner [37,40] was a key finding
in the lipid trafficking field and an outstanding contribution to the
understanding of the molecular biology of mitochondria and ER

Phospholipid Mitochondrial dynamics Ca** signaling Unfolded protein Apoptosis Autophagosome
traffic response initiation formation
Mitochondrial Mitochondrial
fission fusion
ER ORP5/8 STX17 TCHP MFN2 IPSR MFN2 BAP31 CDIP STX17
PERK
O
O DRP1 ATG14L
PI3K
Q complex
PE
OMM MFN2
™S ?2  PTPIP51 MFF : 8 { MID49/51 MFN2 BCL2 ?
Short
IMM 0 OPA1 OPA1
. . : MCU
Mitochondrion °
mtDNA o
replication %
©

PDK4

Figure 3. Cellular functions at mitochondria—-ER contact sites.

The main processes that take place at the MAM are as follows: phospholipid trafficking, mitochondrial dynamics, Ca** signaling, unfolded protein response (UPR),
apoptosis initiation, and autophagosome formation. MAMs are hubs for phospholipid exchange between the ER and mitochondria. Mitochondria take phosphatidylserine
from the ER, which is supplied with phosphatidylethanolamine by mitochondria. Mitochondrial dynamics processes are regulated at the interface between the ER and
mitochondria. The mitochondrial fission effector DRP1 is recruited by MFF and MiD49/51 to the mitochondrial surface, and it interacts with STX17 in the ER membrane.
The ER wraps around the mitochondrion, which is finally excised into two daughter mitochondria after mtDNA replication. Mitochondrial fusion is promoted by TCHP

binding to MFN2. This interaction separates MFN2 tethers and promotes the fusogenic function of mitochondrion-bound MFN2. The ER is the cellular Ca®*

reservoir.

IP3R, GRP75, and VDAC form a Ca** channeling complex that allows Ca®* flux from the ER to mitochondria. MCU transports the intermembrane Ca* to the
mitochondrial matrix. The UPR is regulated at the interface between mitochondria and the ER. One of the key regulators is MFN2, which inhibits the UPR by interacting
with PERK. It is not known whether PERK interacts with MFN2 in mitochondria, MFN2 in the ER or with both. MAMs are also involved in the initiation of apoptosis.
Sustained pro-apoptotic stimuli lead to BCL2 sequestration by the reticulum proteins BAP31 and CDIP in order to initiate apoptotic signaling cascades.
Autophagosomes arise from mitochondria—ER contact sites. Proteins involved in autophagosome formation are recruited to these locations. STX17 in the ER attracts
ATG14L and the PI3K complex. The mitochondrial component involved in this process is still not known.

© 2019 The Authors
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Table 1. Mitochondria—ER contact sites proteins.
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Protein Location Function in the MAM

ATAD3A IMM ER-mt tethering [25], lipid trafficking [52]

ATF6 ER UPR [106]

ATG14 ER Autophagosome formation [20]

BAK OMM Apoptosis [126]

BAP31 ER ER-mt tethering [11], Apoptosis [11]

BAX Cyt, OMM Apoptosis [126]

BCL2 OMM Apoptosis [126]

BiP ER ER-mt tethering [25]

CDIP1 ER Apoptosis [126]

CypD IMM Apoptosis [125]

DRP1 OMM Mitochondrial dynamics [252]

FIS1 OMM ER-mt tethering [11], Mitochondrial dynamics [16], Apoptosis [11]
FUNDC1 OMM Ca”* signaling [76], Mitochondrial dynamics [68]

GRP75 Mt ER-mt tethering [10], Ca** signaling [10]

INF2 ER Mitochondrial dynamics [59]

IP3R ER ER-mt tethering [10], Ca** signaling [10]

IRE1o ER UPR [106]

MCU IMM Ca’* signaling [253]

MFF OMM Mitochondrial dynamics [62]

MFN1 OMM ER-mt tethering [12], Mitochondrial dynamics [69]

MFN2 ER, OMM ER-mt tethering [12], Mitochondrial dynamics [69], UPR [97]
MiD49 OMM Mitochondrial dynamics [62]

MiD51 OMM Mitochondrial dynamics [62]

ORP5 ER Lipid trafficking [43]

ORP8 ER Lipid trafficking [43]

PACS2 Cyt ER-mt tethering maintenance [55]

PDZD8 ER Lipid trafficking(?) [46]

PERK ER UPR [106]

PTPIPS1 OMM ER-mt tethering [9]

RYR ER Ca®* signaling [8]

SEC61 ER Ca’* signaling [42]

SERCA1 ER UPR [114]

STARD1 Cyt Lipid trafficking [48]

STX17 ER Autophagosome formation [20], Mitochondrial dynamics [65]
TSPO OMM Lipid trafficking [52]

VAPB ER ER-mt tethering [9]

VDAC1 OMM ER-mt tethering [10], Ca* signaling [10], Lipid trafficking [53]
WASF3 Cyt ER-mt tethering [25]

apposition. It is not fully understood how PS is transported from
the ER to mitochondria in mammalian cells; however, members of
the oxysterol-binding protein (OSBP) family have been proposed to
participate in this process. OSBP family proteins contain an OSBP-
related ligand-binding domain that has the structure of a beta-
barrel and binds PI4P and, in some cases, sterols [34]. Two
members of this family, ORP5 and ORPS8, localize at the ER

6 of 27  EMBO reports 20: 47928 | 2019

membrane facing the cytosol (Fig 3). ORPS5 was first discovered to
catalyze the exit of cholesterol from endosomes [41]. Later, it was
found that ORP5 and ORP8 counter-exchange PS and phos-
phatidylinositol 4-phosphate (PI4P) between the ER and plasma
membrane [42]. ORP5 and ORP8 are present at mitochondria-ER
contact sites, where they interact with the tethering protein
PTPIP51 [43] and could be responsible for PS transport to

© 2019 The Authors
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mitochondria. In addition to the OSBP family, in yeast, the ERMES
complex, which has no homology with any mammalian complex,
tethers mitochondria to the ER and transfers PS from the ER to
mitochondria [44]. Mmm1 and Mdm12, components of the ERMES
complex, have been found to harbor an SMP domain that is
responsible for phospholipid transfer [44,45]. This domain shows
functional orthology with the SMP domain of mammalian proteins
that localize at the ER, such as extended synaptotagmins and
PDZD8 [45,46]. Expression of a chimeric form of Mmm1 contain-
ing the PDZD8 SMP domain in deficient MMM]I yeast rescues mito-
chondrial defects. PDZDS8 localizes at the ER fraction of MAMs
[46]. The fact that PDZD8 harbors an SMP domain makes it a
potential candidate for phospholipid exchange between the ER and
mitochondria.

Sterols, oxysterol, and bile acids are synthesized in mitochon-
dria. These molecules originate from cholesterol that is imported
into mitochondria from several sources: ER, LD, and endosomes (re-
viewed by Elustondo et al [47]). Here, we focus on cholesterol
transport from the ER, which is performed by STARD1 [48].
STARDI contains a lipid binding domain known as START, which
particularly in this protein has specificity for sterols [49,50]. In
mitochondria-ER contact sites, STARD1 is recruited to the OMM
where it forms a complex with the OMM proteins TOM22 and
VDAC2 and the ER proteins BiP, ERLIN2, and SLC [48]. STARD1
incorporates ER-cholesterol into the OMM so that it can be trans-
ported to the IMM, where CYP11A1 further processes it [51]. The
complex that moves cholesterol from the OMM to the IMM is formed
by VDACI and TSPO in the OMM and by ATAD3A and CYP11Al in
the IMM [52]. STARDI interacts with members of this complex,
namely VDAC1 and TSPO [53], thus linking cholesterol incorpora-
tion from the ER to its processing in the mitochondrial matrix.

The modification of proteins involved in lipid trafficking in the
MAM influences other protein complexes and functions that take
place at the MAM, and it also affects the interaction between mito-
chondria and the ER. Moreover, the alteration of tethering proteins
has an impact on lipid transport between the two organelles. ORPS
and ORPS8 depletion from HeLa cells alters mitochondrial morphol-
ogy and respiration; however, the number of mitochondria-ER
contact sites is not affected [43]. Overexpression of ORPS and ORP8
increases mitochondrial Ca** concentration in HeLa cells after hista-
mine treatment, although depletion of these proteins does not alter
Ca®" signaling [54]. Also, when the tethering protein PTPIP5S1 is
overexpressed in HeLa cells, the presence of ORP5/8 at mitochondria-
ER contact sites is increased [43]. However, it has not been assessed
whether PS transport is increased upon PTPIP51 overexpression.
Depletion of PDZD8 leads to reduced contact surface between the
ER and mitochondria and to reduced Ca** flux into mitochondria in
HeLa cells [46]. The expression of a loss-of-function mutant of
PACS2, a cytosolic protein involved in tether maintenance, in A7
human skin melanoma cells diminishes the levels of PSS1 and
FACL4, a fatty acid metabolism enzyme [55]. Regarding cholesterol
trafficking proteins, TSPO downregulation is observed upon the
deletion of the tethering protein VDACI1 in U87 MG human glioma
cells [56]. Furthermore, TSPO was demonstrated to inhibit mito-
chondrial Ca?* uptake by promoting VDAC1 phosphorylation [57].
The available evidence for the role of different proteins in lipid traf-
ficking is limited to cultured cells, and further studies should be
done to validate their function in the context of the whole animal.

© 2019 The Authors
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Mitochondrial dynamics
Mitochondria change their morphology in order to efficiently adapt
to the energetic demands of the cell, to respond to stress conditions
(such as nutrient deprivation), or to react to apoptotic stimuli.
Mitochondria-ER contacts are crucial for mitochondrial fission,
since ER tubules surround and constrict mitochondria at the sites of
division [58]. This constriction is mediated by actin filaments that
accumulate between mitochondria and the ER and that are polymer-
ized at the ER membrane by INF2 [59]. INF2-mediated actin poly-
merization leads to an accumulation of myosin type II [60], an
increase in mitochondria-ER contacts, and the subsequent stimula-
tion of mitochondrial Ca®>* uptake before constriction of the IMM
and mitochondrial division [61]. The main driver of mitochondrial
fission is the dynamin-related GTPase DRP1, which moves from the
cytosol to the OMM, where it interacts with membrane proteins
such as FIS1, MFF, MiD49, and MiD51 [62]. MFF, MiD49, and
MiD51 recruit DRP1 at the mitochondrial surface to form trimeric
complexes in which MiD49/51 compete with MFF for DRP1 interac-
tion [63]. DRP1 activity can be regulated by redox signals. PDIA1
modifies DRP1 to negatively regulate its activity and to maintain
mitochondrial reactive oxygen species (ROS) at low levels [64].
Conversely, an increase in mitochondrial ROS results in oxidation of
DRPI and in increased mitochondrial fission which favors mito-
chondrial ROS accumulation [64]. However, further insight is neces-
sary for a deep characterization of how redox states of cells
influence mitochondrial dynamics. At mitochondria-ER contact
sites, the ER protein STX17 interacts with mitochondria-bound
DRP1 to support fission [65] (Fig 3). Under starvation conditions,
STX17 releases DRP1 to initiate autophagosome formation and to
promote the elongation of mitochondria to be protected from autop-
hagy [65,66]. Recent findings have revealed that mitochondria-ER
contacts are sites for mitochondrial DNA (mtDNA) synthesis and that
nascent mtDNA stays in the daughter mitochondria after fission [67].
How the mitochondrial fission machinery is coupled to mtDNA replica-
tion has not been explained to date. Mitochondrial fission is a process
coupled to mitochondrial removal by mitophagy. The link between
these two processes is the OMM protein FUNDCI1, which localizes at
mitochondria-ER contact sites and interacts with calnexin in the ER
and DRP1 on the mitochondrial surface [68]. FUNDC1 promotes both
autophagosome recruitment and mitochondrial fission [68].
Furthermore, the interaction between the ER and mitochondria
is a key player in the regulation of mitochondrial fusion. This
process occurs first by fusion of the OMMs, followed by fusion of
the IMMs [69]. The key players in these two processes are the
dynamin-like GTPases MFN1 and MFN2 in the OMM and OPA1 in
the IMM [69]. Mitofusins present in mitochondria interact with
each other to fuse the OMMs. After OMM fusion, OPA1 oligomer-
izes and IMMs fuse. A cleaved isoform of OPALI is associated with
mitochondrial fission rather than fusion [70]. It is still not clear
how many MFN1, MFN2, and OPAl molecules oligomerize to
carry out this function. Dimeric and tetrameric interaction models
have been proposed [71-73]. As mentioned before, MFN2 is
present at both sides of the MAM, and it participates in mitochondria—-
ER tethering complexes [74]. These two roles of MFN2 are mutu-
ally exclusive and determined by its interaction with TCHP (Fig 3).
TCHP, a MAM protein localized at the ER, prevents mitochondria—
ER tethering and favors mitochondrial elongation when it is bound
to MFN2 [74].
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The alteration of mitochondrial dynamics proteins has an impact
on MAM functions. Moreover, changes in certain tethering proteins
alter mitochondrial morphology. Regarding the mitochondrial fis-
sion machinery, the induction of INF2-mediated actin polymeriza-
tion with ionomycin in U20S human osteosarcoma cells leads to an
increase in mitochondrial Ca** and mitochondria-ER contact sites
[61]. Moreover, the chemical inhibition of DRP1 in PCI12 rat
pheochromocytoma cells leads to a reduction in ER Ca*" release
compared to untreated cells and concomitantly decreases mitochon-
drial Ca*" intake [75]. Fundcl overexpression in mouse cardiomy-
ocytes increases Ca®* release from the ER to mitochondria [76]. The
role of FUNDC1 in Ca** release will be further assessed in this
review. Concerning mitochondrial fusogenic proteins, the lack of
MFN1 and MFN2 produces an aberrant distribution of pro-apoptotic
proteins in the OMM, thus reducing apoptotic signaling [77]. Mfn2
ablation in mouse hearts increases the levels of the anti-apoptotic
protein BCL2 [78]. Loss of function of the tethering protein VAPB in
Caenorhabditis elegans impairs mitochondrial dynamics [79],
although this has not been reported in mammals to date. The deple-
tion of the tether maintainer PACS2 in A7 cells results in mitochon-
drial fragmentation and uncoupling from the ER [55].

Ca** signaling

Before MAMs were studied at the molecular level, there was
evidence that regions of mitochondria in close proximity to the ER
participated in Ca** signaling [80]. The ER lumen is the cell Ca**
storage area and the sites of proximity of the ER to mitochondria
harbor high Ca®* microdomains. The ER incorporates Ca®" from
the cytoplasm by SERCA1/2/3 ATPases [81,82]. ATP is hydrolyzed
by SERCA transporters in order to allow Ca*>* entry to the ER lumen
[81]. Ca*" is released from the ER by the IP3R1/2/3 and the ryan-
odine receptors (RyR1/2/3), transferred to the mitochondrial inter-
membrane space by VDAC porins, and finally introduced into the
mitochondrial matrix by the mitochondrial Ca®>* uniporter (MCU)
complex (reviewed by Giorgi et al [83]). Ca*" transport at the
MAMs is depicted in Fig 3. In the OMM, TOM70 recruits IP3R to
favor Ca®" transference to mitochondria [84] and, in the cytosolic
part of the MAM, GRP75 couples IP3Rs to VDAC [10], thereby
allowing rapid Ca** flux into mitochondria. CypD, a protein
involved in apoptosis initiation and in mitochondrial ATP synthase
modulation [85], interacts with and maintains the VDAC1-GRP75-
IP3R1 complex [28]. Another Ca’?* channel in the ER is the SEC61
complex, a translocon at the ER from which Ca®* leaks passively to
the cytosol [86,87], and once in the cytosol, it can be sequestered
into mitochondria by VDAC. Ca** import to mitochondria stimu-
lates the translocation of cristae accumulated H,0, to MAMs, which
results in the appearance of redox nanodomains at the mitochondria-
ER interface which enhance Ca?* efflux from the ER [88]. The accu-
mulations of ROS at the MAMs arise as a consequence of active
Ca®”" exit from the ER and do not occur with passive Ca*" leakage.
Mitochondrial ROS can regulate as well Ca** flux to the mitochon-
drial matrix by MCU oxidation, which increases the MCU oligomer-
ization and thus its activity [89]. Insulin signaling modulates IP3R
Ca®" flux to mitochondria via mTORC2. After insulin stimuli,
mTORC2 in the MAM phosphorylates AKT [90], which in turn phos-
phorylates IP3Rs to reduce Ca?* release from the ER [91,92]. BiP
limits ER Ca** leakage through the Sec61 complex by binding to the
ER lumenal region of Sec61a [93].
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Alterations in Ca®™ trafficking between the ER and mitochondria
affect mitochondrial morphology. Mitochondria of brown adipose
tissue (BAT) of mice fed on Ca?* excess for 3 days are larger and
fewer than in control mice [94]. MFN1 and MFN2 are increased in
the BAT of these mice, whereas DRP1 is decreased [94]. Mitochondria—
ER contacts are also increased in BAT after Ca** treatment [94].
Moreover, MCU ablation in U20S cells prevents mitochondrial divi-
sion [61]. In addition to its role in mitochondrial dynamics, FUNDC1
interacts with the ER Ca®>* channel IP3R2 and promotes Ca** flux
to mitochondria [76]. The depletion of Fundcl in mouse cardiomy-
ocytes and H9c2 myoblasts leads to a decrease in IP3R2 and colocal-
ization between mitochondria and the ER [76]. The authors of this
study proposed that FUNDC1 and IP3R2 act together as a tethering
complex of mitochondria and the ER. FUNDCI ablation also
decreases the levels of the MAM maintenance protein PACS2 [76].
Inhibition of ER Ca?* uptake by SERCA initiates UPR and eventually
provokes apoptosis [95]. PDK4 inhibition decreases Ca** flux in
C2C12 myoblasts [15]. Tg2 ablation impairs Ca** flux in MEF [30].
The alteration of mitochondria-ER tethers also has an impact on
Ca*" trafficking [76]. Disruption of PTPIP51 and VAPB tethering
complex impairs Ca*" homeostasis in HEK293 cells [9]. The knock-
down of either VAPB or PTPIPS1 decreases Ca®>* uptake into mito-
chondria [9], and overexpression of these proteins increases Ca**
flux to mitochondria [96]. MFN2 depletion has been reported to
cause both increase and decrease in Ca®* uptake [33,97]. In FDB
muscles, mitochondrial Ca** uptake decreased upon temporal Mfn2
depletion [33]. However, the protein levels of Ca?* transport
proteins (MCU, SERCAI1, RyR1) remained unchanged [33]. In
contrast to this result, Mfn2 depletion in MEF cells caused Ca®*
overload in mitochondria [97].

ER stress

When protein folding efficiency is disturbed at the ER, misfolded
proteins accumulate in the lumen and cause ER stress. This can
happen as a result of certain conditions, such as nutrient depriva-
tion, hypoxia, loss of Ca’" homeostasis, free fatty acids, and GM1
ganglioside accumulation [98-103]. Why stress conditions lead to
protein misfolding remains unknown. The accumulation of large
amounts of these misfolded proteins activates the unfolded protein
response (UPR) in order to restore protein homeostasis or to induce
apoptosis [104,105]. The UPR has three main branches, which are
interconnected after the signal transducers in the ER, namely PERK,
ATF6, and IRE1a, have been stimulated [106]. What is known about
UPR branches has been discovered by treating cells and animals
with exogenous compounds or unphysiological harvesting condi-
tions to provoke protein misfolding; nevertheless, the natural cause
of protein folding defects and their accumulation is not known. The
activation of PERK induces elF2a phosphorylation. Phosphorylated
elF2a inhibits global protein translation and activates ATF4, which
translocates to the nucleus to induce the expression of survival
genes [107]. Prolonged UPR activation induces apoptosis through
the activation of CHOP by ATF4 [108]. The ATF6 branch of the UPR
starts with the translocation of ATF6 from the ER to the Golgi appa-
ratus for cleavage [109]. Cleaved ATFG6 is a transcription factor that
induces ER-associated degradation genes [110] and XBP1 [111].
IREla activation induces splicing of XBP1 mRNA to enhance cell
survival [111], activation of MAPK [112] to modulate autophagy
and apoptosis, and IREla-dependent mRNA decay [113]. ER stress
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signaling can be amplified at MAMs by SERCALI truncated isoform
(ER), which acts upstream of the PERK—eIF20~ATF4-CHOP pathway
[114]. Moreover, the location of PERK at MAMs contributes to the
maintenance of mitochondria-ER contact sites and to the enhance-
ment of ROS-mediated mitochondrial apoptosis signaling [115]. UPR
mission is to restore cellular homeostasis by correcting protein fold-
ing and recovering damaged ER environment [116]. As long as
protein folding efficiency is not resolved, UPR is activated [116]. ER
stress results in increased mitochondria coupling to ER, which
increases ATP production, oxygen consumption, and mitochondrial
Ca®" uptake [117]. Chronic UPR signaling initiates a signaling
cascade in the MAM that eventually leads to apoptosis [116]. This
signaling pathway is discussed in the following section.

The alteration of ER stress proteins, especially the IREla
branch, impairs lipid handling. The hepatic depletion of XbpI in
mice decreases circulating levels of fatty acids, triglycerides, and
sterols, compared to control mice [118]. Lack of XBP1 in the liver
impairs cholesterol processing for the generation of bile acids in
these mice [119]. This phenotype is recovered by overfeeding the
mice with cholesterol [119]. A separate study using liver Xbpl
knockout mice also reports decreased plasma levels of cholesterol
and triglycerides compared to control mice [120]. This effect is
prevented by knocking down IREla [120]. The modification of
mitochondria-ER tethering proteins leads to ER stress. MFN2 inter-
acts with PERK and represses its activity [97]. MFN2 loss of func-
tion in MEF cells dysregulates the three branches of the UPR by
enhancing the PERK-eiF20—~ATF4-CHOP pathway [97]. Ablation of
Mfn2 results in the continuous activation of PERK, and PERK
silencing in these cells causes ROS production, the restoration of
mitochondrial Ca?" levels, and an improvement of mitochondrial
morphology [97]. However, it is not known whether PERK inter-
acts with mitochondrial MFN2, ER MFN2, or both (Fig 3). The
increase in mitochondria coupling to ER upon ER stress [117] is
coherent with the upregulation of MFN2 expression observed in
MEFs upon ER-stress induction with thapsigargin and tunicamycin
[121]. In the same study, the authors show that ablation of Mfn2
in MEFs upregulates ER stress markers (BiP, GRP94, and ATF4)
[121]. Specific ablation of Mfn2 in mouse cardiac myocytes also
causes an increase in the expression of BiP, GRP94, and ATF4
[121]. Another tethering protein, VAPB, represses the UPR by
binding to ATF6 [122]. Overexpression of VAPB both in HEK293
and NSC34 cells decreases ATF6/XBP1-induced luciferase activity
upon tunicamycin stimulation, even in combination with ATF6
overexpression [122].

Apoptosis initiation and ER stress-mediated apoptosis

When cells cannot adequately handle certain stress stimuli, they
activate pathways that lead to cell death. A complex formed by
BAP31 and FIS1 at mitochondria-ER contact sites is able to transfer
apoptotic signals back and forth from the mitochondria to the ER
[11]. In response to apoptotic stimulus, the FIS1-BAP31 complex
recruits procaspase-8 to be activated [11]. Active caspase 8 cleaves
BAP31 into a pro-apoptotic form that, together with FIS1, promotes
Ca®™" release from the ER [11,123] and mitochondrial fission [17].
Mitochondrial Ca** increase leads to CYPD activation in the IMM to
open the permeability transition pore from which molecules that
drive apoptosis are released [124,125]. Under sustained ER stress
conditions, CDIP and BAP31 interact at the ER side of the MAM to
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sequester the anti-apoptotic factor BCL2 located at the OMM, in
order to promote apoptosis (Fig 3) [126]. The protein PACS2, which
localizes in MAMs, has been reported to promote the translocation
of the pro-apoptotic protein BID to mitochondria [55]. The CDIP1-
BAP31-BCL2 complex, together with the truncated form of Bid and
caspase-8 activation, promotes BAX and BAK oligomerization [126].
BAX translocates from the cytosol to the OMM, where BAK locates
constitutively. The activation of these two molecules occurs after
their oligomerization [127]. Although not yet demonstrated, it is
believed that cytochrome c exits mitochondria from the pores
formed by these oligomers [128]. After cytochrome c release, an
apoptotic protease cascade is initiated [129].

Since MAMs are hubs for apoptosis initiation and this process
involves Ca** signaling at the MAM and mitochondrial fission, the
alteration of some apoptosis initiators has an impact on these MAM
functions. BCLZ2 loss-of-function mutations in Jurkat T cells
decreases mitochondrial Ca®* uptake [130]. When Bak is knocked
out in MEF cells, mitochondria are not fragmented in response to
apoptotic stimulus [131]. Overexpression of Bax promotes MFN2-
mediated mitochondrial fusion in MEFs [132]. It has been proposed
that BAX plays a dual role: The soluble cytoplasmic form promotes
mitochondrial fusion and, when activated and recruited to the
OMM, it participates in apoptosis [132].

Autophagosome formation

In order to preserve cellular homeostasis, damaged or unnecessary
components of the cell must be degraded or recycled. This process
is achieved by autophagy. Autophagosomes engulf damaged or
needless components and can originate from ER-mitochondria
contact sites [20]. The ER side of the MAM region, where proteins
related to autophagosome formation start to accumulate, is known
as the isolation membrane. This structure protrudes from the ER
and finally closes around the cellular components to be elimi-
nated, forming a vesicle named the autophagosome [133]. After
starvation stimulus, ATG14 is recruited to the MAM by STX17
[20]. This results in accumulation of the components of the class
III PI3K complex (ATG14, BECN1, VPS34, and VPS15) at the MAM
[20] (Fig 3) and contributes to the initiation and nucleation of the
isolation membrane. Next, the ATG16L1 complex (ATGS5-ATGI2-
ATGI16L) is recruited to the isolation membrane, where it binds
PE to LC3 [134]. Lipidated LC3 molecules associate with the isola-
tion membrane and remain attached once the autophagosome is
closed [133]. How the isolation membrane closes is still poorly
understood.

Alterations in tethering proteins have an impact on autophago-
some formation. The absence of MFN2 or PACS2 at the MAM
impedes STX17-mediated ATG14 recruitment to this area in HeLa
cells [20]. MFN2 and PACS2 seem to be crucial for autophago-
some biogenesis; nevertheless, their role in this process has not
been described yet. Moreover, the tightening of mitochondria-ER
contact sites by overexpression of VAPB and PTPIPSI results in
decreased autophagosome formation after torin-1 or rapamycin
stimulus in HeLa and HEK293T cells [135]. Conversely, the oppo-
site effect is observed when PTPIPS1 and VAPB are ablated in
HeLa and HEK293T cells [135]. Future work will unravel what is
the precise role of the MAM in autophagosome formation and
which MAM proteins recruit the autophagosome biogenesis
machinery. Moreover, since membrane contact sites from other
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organelles have also been proposed as autophagosome factories
[20,136-138], a remaining open question in the field is whether
autophagosomal content to be degraded is influenced by the origin
of the autophagosome.

Consequences of metabolic challenge in
mitochondria—ER contacts

Human, animal, and cellular studies have revealed that metabolic
alterations can perturb mitochondria-ER contact sites. In this
section, we review the observations that document the impact of
altered metabolic homeostasis on the architecture and functioning
of MAMs, and also the impact of nutrient availability and lysosomal
storage disorders.

The impact of metabolic disorders on the architecture and
functioning of mitochondria—ER contacts

Some studies have reported alterations in mitochondria-ER
contacts in liver and in muscle cells upon metabolic dysregulation.
Surprisingly, there is considerable discrepancy in the data avail-
able. Thus, liver analysis of ob/ob obese mice and mice subjected
to a high-fat diet (HFD) showed an increased abundance of MFN2,
IP3R, and PACS2 in MAM fractions, in parallel to increased
mitochondria-ER contacts, and an excess of mitochondrial Ca?*
accumulation [29]. Moreover, a forced increase in the mitochon-
dria-ER contacts, induced by expression of an artificial linker in
livers from control mice, caused an increased mitochondrial Ca**
uptake and impaired glucose homeostasis [29]. Conversely, Ip3r]
knockdown in obese mice caused a reduced Ca®* flux, and simi-
larly, Pacs2 knockdown led to a decreased physical interaction
between the ER and mitochondria, and to improved glucose home-
ostasis [29].

In contrast to the results obtained by Arruda et al, Tubbs et al
[27] detected that mitochondria-ER contacts (measured by quantify-
ing VDACI1-IP3R1 interaction) were decreased in hepatocytes
isolated from mice subjected to diet-induced diabetes and from ob/
ob mice. Moreover, the overexpression of CypD in these hepatocytes
increased mitochondria-ER contacts and improved the effects of
insulin. A third study revealed that HepG2 hepatoma cells treated
with palmitate showed reduced mitochondrial Ca®** flux, lower
mitochondria-ER contacts, and impaired insulin sensitivity [139].
Under these conditions, Mfn2 overexpression ameliorated the
mitochondria-ER contact area and insulin sensitivity. We do not yet
know whether the opposite observations are a consequence of dif-
ferences in the methodology used (proximity ligation assays or
transmission electron microscopy, or tissue sections versus isolated
hepatocytes), or whether they are based on subtle differences in the
nutritional state of the animals studied. Regarding the impact of
metabolic alterations in liver ER stress and ER Ca?* homeostasis,
the main studies of the field show more consensus. Livers of obese
mice show increased ER stress [140,141] and reduced cellular
SERCA2D levels [140] or impaired SERCA activity in the ER [141].
Glucose tolerance was increased and ER stress was alleviated in
obese and diabetic mice by liver exogenous expression of SERCA2b
[140,141].

In the skeletal muscle of ob/ob mice or in mice subjected to a
high-fat, high-sucrose diet, Tubbs et al found impaired insulin
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signaling and decreased levels of MAM proteins, accompanied by
a decrease in mitochondria-ER contacts (measured by quantifying
VDAC1-IP3R1 interaction). In human myotubes from healthy
patients, mitochondria-ER contacts were also diminished after
palmitate treatment [142]. Mitochondrial Ca®>* concentration was
somewhat decreased compared to untreated cells. Mfn2 or Grp75
overexpression reversed the effects of palmitate on MAM proteins
and on insulin signaling [142]. Moreover, myotubes from obese
patients and from obese patients with type 2 diabetes showed
decreased mitochondria-ER contacts compared to those of healthy
patients [142]. In contrast to these results, Arruda et al [29] found
an increase in the MAM proteins MCU and RyR in soleus muscles
from ob/ob and HFD-fed mice, suggesting an enrichment in MAMs
under these conditions. In line with these results, Thoudam et al
[15] found increased levels of IP3R1, VDACI, and GRP75 in the
MAM fraction of skeletal muscle of HFD-fed mice and ob/ob mice.
Furthermore, they observed increased levels of MFN2 in HFD-fed
mice. Moreover, using proximity ligation assays, they detected
increased IP3R1-GRP75-VDACI interactions in HFD-fed mice and
ob/ob mice [15]. Transmission electron microscopy of muscle
MAM surface revealed increased MAM area in HFD-fed mice
compared to animals on a chow diet [15]. Interestingly, the
authors quantified the distance between juxtaposed ER and mito-
chondria and found that in HFD-fed mice the proportion of loose
contacts between the ER and mitochondria was increased. As
mentioned in the liver studies, we do not know whether the dif-
fering observations detected in muscles of obese mice are due to
differences in the methodology used or to differences in the nutri-
tional state of the animals studied. In any case, further studies are
required to clarify the nature and kinetics of the changes that
occur in mitochondria-ER contacts during metabolic dysregulation
in muscle and in liver.

Insulin-resistant conditions such as obesity and type 2 diabetes
are characterized by altered muscle expression of MFN2, which may
participate in the alterations in mitochondria-ER contacts. Thus,
Mfn2 is repressed in the muscles of obese Zucker rats [143]. Obesity
induced by a HFD during 40 weeks also reduces MFN2 and MFN1
expression in muscle [144]. In addition, the muscles of obese
subjects also show a reduced expression of MFN2 compared with
lean subjects [143,145]. In contrast, bariatric surgery-induced body
weight loss was reported to increase MFN2 gene expression in the
skeletal muscle of morbidly obese subjects [146-148] in parallel
with increased insulin sensitivity [146-148]. Type 2 diabetic patients
also show reduced MFN2 expression in the skeletal muscle
compared with control subjects [145,149], and this occurs both in
obese and non-obese type 2 diabetic patients [145]. The dysregula-
tion of MFN2 is unlikely to be a consequence of reduced insulin
action because the expression of this gene in lean, obese, or type 2
diabetic subjects is not altered in response to 3 h of hyperinsuline-
mia during clamp studies. Neither is the expression of this protein
affected when cultured muscle cells are chronically incubated in the
presence of insulin [145,150]. Induced insulin resistance in rats by
high sucrose diet provokes slower contraction and elongation of
cardiomyocytes [151]. ER Ca?" uptake by SERCA is impaired in
these cardiomyocytes although the levels of this protein remain
unchanged [151].

Studies in beta-cells also indicate the existence of alterations in
response to metabolic stress. Thivolet et al [152] reported an
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increased IP3R2 and decreased VDACI1 expression, accompanied by
reduced mitochondria-ER contact sites in beta-cells from type 2
diabetic patients. In addition, Min6-B1 beta-cells exposed to palmi-
tate show ER stress, reduced mitochondria-ER contacts, and
impaired insulin secretion [152]. Zhang et al [153] reported
increased VDAC1 abundance accompanied by mislocalization of
part of VDAC1 to the plasma membrane. INS1E beta-cells also
respond to elevated glucose concentrations in the culture medium
by upregulating VDAC1 [154]. High glucose environment increases
Bax mRNA levels and stimulates BAX-dependent apoptosis in
mouse islets [155].

POMC neurons respond to a HFD by reducing the number of
mitochondria-ER contacts compared to mice on a regular diet [156].
Under these conditions, MFN2 levels are reduced in HFD mice
[156]. In HFD-fed mice, stimulation of DRP1-dependent mitochon-
drial fission in the dorsal vagal complex induces ER stress and
insulin resistance [157], and inhibition of DRP1 restores ER stress,
insulin resistance, and hepatic glucose metabolism.

An increase in mitochondria-ER contacts, increased expression
of IP3R1, IP3R2, and PACS2 protein levels, and greater mitochon-
drial Ca®>* uptake and apoptosis has been documented in oocytes
from HFD-treated mice [158]. These changes compromise oocyte
maturation.

In conclusion, available data suggest that metabolic stress linked
to insulin resistance, obesity, or type 2 diabetes affects mitochondria—
ER contacts, and may occur in various cells or tissues. Liver and
muscle have been deeply analyzed in this context, and the observa-
tions annotated by the authors differ across the studies that we have
discussed. Whether the consequence of this metabolic stress in liver
and muscle is to increase or to reduce the surface of contact
between the ER and the mitochondria is still under debate. More-
over, current data regarding the expression levels of the tethering
proteins MFN2, IP3R, VDAC, and GRP75 under conditions of insulin
resistance, obesity, or type 2 diabetes annotated across several stud-
ies are not uniform. As a consequence, the functional impact of the
modification of these contacts is not known. An example that illus-
trates this lack of consensus is the persistent discrepancy on the
observations regarding Ca** influx into mitochondria under meta-
bolic stress conditions. In order to solve this puzzle, there is need of
a precise characterization of the molecular mechanisms involved in
the response to metabolic stress as well as the establishment of stan-
dard procedures to perform this characterization.

The adaptation of mitochondria—ER contact sites to

nutrient availability

Mitochondria-ER contact sites respond to changes in nutrient
availability by modifying Ca®>" signaling, initiating autophagy or
activating the UPR. The first evidence for this response was
observed by Sood et al [159] in postprandial mouse livers. Five
hours postprandial livers showed larger mitochondria-ER contact
sites than 2 h postprandial livers. In agreement with this study,
livers of fed mice show reduced mitochondria-ER contacts
compared to those of overnight fasted mice, and this occurs with-
out a significant modification of the ER or mitochondrial content
[160]. The interactions between VDACI and IP3R1 are reduced in
fed compared to fasted mice. VDACI and GRP75 are also
decreased upon feeding in mouse liver, whereas IP3R1 protein
expression remains unchanged [160]. In a different study, mice
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refed after 22 h of fasting showed a 50% decrease in hepatic
IP3R1 levels compared to fasted animals [161]. Interestingly,
primary hepatocytes cultured in the presence of high glucose
(17 mM) also show a reduced VDAC1-IP3R1 interaction compared
to cells cultured in the presence of 5 mM glucose. In conclusion,
these data suggest that glucose availability is a key signal in the
regulation of mitochondria-ER contacts in liver cells.

Genetic obesity appears to alter the dynamics of mitochondria-
ER contacts. Thus, the livers of obese ob/ob mice do not reproduce
the mitochondria-ER uncoupling during fed to fasted transition.
MAMs are reduced in fasting conditions in ob/ob compared to lean
mice, and no differences are detectable compared to obese mice
analyzed during fed conditions [160]. Moreover, the interaction
between IP3R1 and VDAC1 is reduced in fasted ob/ob mice
compared to lean mice and no significant differences are observed
in ob/ob mice when comparing fed and fasted states [160]. In keep-
ing with these data, ob/ob hepatocytes cultured in the presence of
high glucose do not show a reduced VDACI-IP3R1 interaction
compared to cells cultured in the presence of 5 mM glucose, again
indicating that obesity disrupts glucose-induced control over
mitochondria-ER contacts.

Nutrient deprivation causes the inhibition of mTOR activity,
which activates autophagy [162] and promotes the formation of
autophagosomes. In this regard, autophagosomes originate at
mitochondria-ER contact sites [20], and the disruption of MAMs by
depletion of Mfn2 or Pacs2 results in impaired autophagosome
formation [20,163]. Moreover, glucose and amino acid deprivation
causes mitochondrial elongation [66], which occurs through inhibi-
tion of DRP1 and activation of MFN1, thus protecting mitochondria
against autophagic degradation. In all, available data allow us to
propose that the modulation of mitochondria-ER contact sites is
linked to the modulation of autophagosome formation and mito-
chondrial morphology through mechanisms that require extensive
research efforts. It is likely that signals such as mTOR, and ER stress
response, which are modulated by nutrient availability [164,165],
participate in mitochondria-ER contacts during fed to fasted transi-
tions.

In summary, ER and mitochondria contact surface increases in
response to lack of nutrients. This adaptive increase in contact sites
is impaired under obesogenic conditions. However, it is still uncer-
tain whether these changes in the MAM are accompanied by a modi-
fication in the expression levels of tethering proteins. Enhanced
autophagosome formation and ER-stress response are probably the
functional consequences of MAM enlargement.

Metabolic impact of alterations in proteins participating
in mitochondria—ER contacts

The concept that metabolic homeostasis is determined by modula-
tion of mitochondria-ER contact sites arose after several reports
documenting that Mfn2 deficiency disrupts metabolism in cells
and in animal models [97,156,166,167]. In addition, the metabolic
effects caused by Mfn2 deficiency differ to those detected upon
Mfnl ablation, thereby indicating that they are probably due to
compromised mitochondria-ER contacts rather than to impaired
mitochondrial fusion. Subsequent mouse studies have revealed
that ablation of proteins participating in mitochondria-ER contacts
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causes three distinct phenotypes, namely (i) reduced glucose toler-
ance and insulin signaling; (ii) improved glucose tolerance; and
(iii) disrupted lipid metabolism. In this chapter, we analyze the
data currently available with respect to these three categories
(Fig 4).

Proteins whose depletion causes deficient insulin signaling and
glucose intolerance

There is extensive evidence of a major metabolic role of MFN2 in
mouse tissues. Thus, muscle-specific ablation of Mfn2 causes age-
dependent glucose intolerance and deficient insulin signaling
[166,167] (Fig 4A). Mfn2-deficient muscles also show reduced
muscle autophagy, muscle atrophy, and loss of muscular function
[167]. Mfn2 repression in cultured muscle cells also reduces insulin
signaling [142].

Mfn2 deficiency in liver is also associated with disrupted insulin
signaling, enhanced hepatic glucose production, enhanced expres-
sion of gluconeogenic genes, and glucose intolerance [166]. Mfn2
repression also reduces insulin signaling in human liver cells [27].
Notably, the phenotype linked to Mfn2 deficiency is opposite to
what occurs in mice upon ablation of Mfn1, which show protection
against HFD-induced insulin resistance, and enhanced mitochon-
drial respiration [168]. These observations suggest that the mecha-
nisms linked to Mfn2 deficiency are not a consequence of
alterations in mitochondrial fusion but are rather linked to its tether-
ing function. Mfn2 ablation in adipose tissues obtained by crossing
Mfn2°P/1° mice with mice expressing the Cre recombinase under
the adiponectin promoter leads to enhanced body weight and fat
mass, which was linked to a reduction in energy expenditure and in
BAT thermogenesis [3]. In keeping with these data, BAT-specific
Mfn2 deletion through Ucpl-Cre causes BAT lipohypertrophy and
cold intolerance [169]. The effects linked to Mfn2 ablation in
adipose depots are not detected upon ablation of Mfnl [3]. These
findings thus support the notion that the alterations detected in BAT
are not dependent on mitochondrial fusion, but on a different func-
tion of MFN1 and MFN2.

Specific ablation of Mfn2 in pro-opiomelanocortin (POMC)
neurons of the hypothalamus results in defective POMC processing,
leptin resistance, hyperphagia, reduced energy expenditure, and
obesity [156]. These data establish MFN2 in POMC neurons as an
essential regulator of systemic energy balance. Along the same
lines, interfering with mitochondrial fusion mechanisms in Agrp
neurons by selectively knocking down Mfn2 results in altered mito-
chondrial size and density in these cells. Agrp-specific Mfn2 knock-
out mice gain less weight when fed a HFD due to decreased fat
mass [170]. Available data in POMC neurons also indicate that the
effects caused by Mfn2 ablation differ greatly from what is detected
for Mfnl ablation. Thus, mice lacking MFN1 in POMC neurons
exhibit attenuated hypothalamic gene expression programs during
the fast-to-fed transition [171]. This loss of mitochondrial flexibility
in POMC neurons alters glucose sensing, causing abnormal glucose
homeostasis as a result of defective insulin secretion by pancreatic
B cells [171]. In conclusion, available data in conditional knockout
mouse models indicate that Mfn2 ablation causes defects in metabo-
lism that are very different to those effects that result from ablation
of Mfnl. These observations are compatible with MFN2 exerting
metabolic effects in tissues via modulation of the mitochondria-ER
contact sites.
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In connection with the effects of the ER triggered by Mfn2 defi-
ciency, a potent UPR has been documented both in cells and in
tissues [97,156,166]. Thus, Mfn2 ablation in liver or in skeletal
muscle causes chronic activation of the UPR, which involves the
three UPR arms, i.e., the PERK, IRE-1a, and the ATF6 pathways
[166]. Furthermore, treatment of liver-specific Mfn2 knockout mice
with an ER stress blocker restores insulin sensitivity and glucose
homeostasis [166], thereby suggesting that the functional link
between MFN2 and the UPR has metabolic relevance.

Ablation of GRP7S, the bridge between IP3R and VDAC, has been
reported to cause a reduction in VDACI1/IP3R1 interactions in
human liver cells and in myotubes [27,142]. Moreover, GRP75 defi-
ciency reduces insulin signaling and insulin action in HuH7 liver
cells [27,142] (Fig 4A). The depletion of GRP7S in medullary thyroid
carcinoma cells induces the MEK/ERK pathway and increases oxida-
tive stress [172]. Both in GRP75 knockdown SH-SYS5Y bone marrow
neuroblasts and in fibroblasts derived from a Parkinson’s disease
patient with GRP75 loss of function, increased mitochondrial UPR
(UPRMT) was reported [173].

Hepatocyte-specific deletion of the tethering protein BAP31 is
linked to metabolic defects in mice. Bap31-deficient mice show
enhanced body weight, increased food intake, and greater liver
steatosis after exposure to a HFD [174]. Another study with these
mice reported the same effects upon tunicamycin treatment, as well
as increased levels of ER-stress markers [175]. In Bap3I-deficient
mice, although not statistically significant, a trend toward increased
p-elF20, ATF4, and CHOP signaling was observed [175]. Moreover,
hepatocytes of these mice show increased lipogenic gene expression
and SREBP1C expression, and activation of SREBP signaling. Bap31-
deficient mice show impaired glucose tolerance and reduced insulin
responsiveness under normal diet or a HFD challenge (Fig 4A).

Depletion of the modulator of the permeability transition pore,
CypD, in mice has been reported to enhance hepatic gluconeogene-
sis, as assessed by the pyruvate tolerance test [27]. In addition,
CypD deficiency is associated with deficient insulin signaling and a
reduced number of VDAC1/IP3R1 interactions in human liver cells
[27]. The metabolic effects detected under conditions of CypD defi-
ciency in mice and in human liver cells were characterized by
UPR®® [176]. In conclusion, these data are coherent with a model in
which CYPD plays an important role in the maintenance of
mitochondria-ER contact sites, which, upon dysregulation, trigger
ER stress and metabolic alterations, namely deficient insulin signal-
ing and insulin resistance (Fig 4A).

A shared feature of the absence of MFN2, GRP75, BAP31, or
CYPD is the activation of UPR [97,156,166,173,175,176]. ER stress
was initially proposed as a mechanism that drives insulin resis-
tance-related diseases [177], and altered reticulum proteostasis
alteration has also been in the spotlight as a possible driver of meta-
bolic diseases [178]. Insulin resistance observed upon ablation of
MFN2, GRP75, BAP31, or CYPD may arise as a result of altered
mitochondria and/or ER protein homeostasis. The signaling path-
ways activated upon loss of protein homeostasis in both organelles
converge in ATF4 and CHOP upregulation [179,180]. JNK activation
is as well a consequence of ER stress that impairs insulin signaling,
eventually leading to insulin resistance [177]. ER stress provokes
hyperactivation of JNK, which phosphorylates and inhibits the
insulin receptor IRS1 [177]. MFN2, BAP31, and CYPD ablation
provoke an increase in activated JNK [156,175,176]; however, there
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Figure 4. Metabolic impact of alterations in proteins participating in mitochondria-ER contacts.

(A) GRP75, MFN2, BAP31, or CypD depletion leads to deficient insulin signaling and glucose intolerance. The lack of GRP75, MFN2, BAP31, or CypD at mitochondria—ER contact
sites causes deficient insulin signaling and glucose intolerance, probably through a mechanism that involves **UPR or ™UPR. (B) IP3R1, VDAC1, FUNDCI, or PACS2 ablation
results in enhanced insulin signaling and improved glucose tolerance. The lack of IP3R1, VDAC1, FUNDC1, or PACS2 at mitochondria—ER contact sites potentiates insulin
signaling and improves glucose tolerance. The mechanism by which FUNCD1 or PACS2 causes these effects is mediated by the release of FGF21. As a result of decreased
mitochondrial Ca*" accumulation, IP3R1 or VDAC1 ablation may result in enhanced insulin signaling and improved glucose tolerance. (C) Mitochondria—ER contacts
response to protein ablation. The deletion of proteins that participate in the MAM results in the activation of signaling pathways that either enhance or impair insulin
sensitivity and glucose tolerance. It has been proposed that these signaling pathways are related to UPR, FGF21, and an adaptive mitochondrial response that may lead to an
improved or to a worsened response to insulin and glucose handling. (D) ORP8 or ATAD3A deficiency causes lipid metabolism alterations. Various alterations in lipid
metabolism are observed upon ORP8 and ATAD3A ablation. ORP8 deficiency causes an increase in circulating HDL, cholesterol, triglycerides, and phospholipids. On the other
hand, a lack of ATAD3A results in impaired cholesterol and lipid metabolism, reduced cholesterol esters, and decreased steroidogenesis.
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are no data available on the levels of activated JNK in the absence
of GRP75. Another common pathway that could be involved in
insulin resistance upon depletion of Mfn2, Grp75, Bap31, or CypD is
the MEK/ERK signaling cascade. MFN2 is a repressor of the MEK/
ERK signaling pathway by its interaction with RAS [181]. ERK is
hyperactivated upon Mfn2 ablation in MEFs [182]. Ablation of
GRP75 stimulates the MEK/ERK signaling pathway in medullary
thyroid carcinoma cells [172]. Moreover, the ERK signaling pathway
is more active in CypD knockout mice hearts than in hearts of
control animals [183]. Moreover, BAP31 depletion in human embry-
onic stem cells leads to a mild increase in ERK phosphorylation
[184]. Active ERK phosphorylates PPARy, which in turn stimulates
the expression of genes related to diabetes [185,186].

Proteins whose depletion enhances insulin signaling and improves
glucose tolerance

In addition to participating in mitophagy, FUNDC1 mediates the
formation of mitochondria-ER contact sites and promotes Ca** flux
from the ER to mitochondria through binding to IP3R2 in cardiac
cells [76]. Cardiomyocyte-specific ablation of Fundcl results in
decreased mitochondrial and cytosolic Ca®* levels [76]. Fundcl
ablation in mouse muscle causes mitochondrial dysfunction charac-
terized by lower ATP and enhanced ROS [187]. In addition, Fundcl-
ablated muscles show a reduced capacity to exercise, probably as a
consequence of reduced fat oxidation [187]. Nevertheless, Fundcl
knockout mice show improved glucose tolerance, insulin respon-
siveness, and less adiposity upon treatment with a HFD (Fig 4B).
The process responsible for this reduced susceptibility to obesity is
the activation of adaptive thermogenesis of adipose tissue driven by
ROS-dependent muscle expression of FGF21 [187].

The downregulation of hepatic Pacs2 in ob/ob mice increases
maximal mitochondrial respiration and reduces JNK [29]. Under
these conditions, Pacs2 deficiency improves glucose tolerance and
increases hepatic insulin signaling [29]. In oocytes from obese mice,
genetic repression of Pacs2 decreases Ca?" influx into mitochondria
and ROS production [158]. In Pacs2 knockout mice, liver expression
of FGF21 is increased and mice are resistant to diet-induced obesity
[188] (Fig 4B).

FGF21 is a systemic regulator of energy homeostasis and insulin
sensitivity [189]. Its expression is activated upon detection of low
protein and high carbohydrate levels. In mouse models of diabetes,
this protein improves insulin sensitivity and reduces circulating
glucose and triglyceride levels [190]. FGF21 upregulation in Fundcl-
and Pacs2-deficient mice explains the improvement in glucose hand-
ling and insulin signaling observed in these mice.

The inhibition of the anti-apoptotic protein BCL2 mimics glucose
stimulation by increasing mitochondrial activity and ATP produc-
tion in pancreatic b-cells [191]. Pancreatic islets isolated from
Bel2™/~ mice show enhanced insulin secretion in response to
glucose stimulation [191]. The knockout of Bak and Bax in B-cells
does not involve metabolic changes, indicating a role for BCL2 in
metabolism besides its anti-apoptotic function [191]. In keeping
with these results, induced insulin resistance in HepG2 cells upregu-
lates BCL2 [192]. How Bcl2 suppression leads to improved response
to glucose has not been elucidated.

In contrast to the above data on the ablation of the Ca®>" channel-
ing protein GRP75, adenoviral-induced hepatic deficiency of Ip3r1
enhances mitochondrial respiration, lowers JNK activity, enhances
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insulin signaling, and improves glucose tolerance in mice [29]
(Fig 4B). Analysis of the Ip3r1 heterozygous mutant (opt/C) mouse
indicates defects in beta-pancreatic cells, with reduced beta-cell
mass, and impaired glucose tolerance [193]. In oocytes from obese
mice, genetic repression of Ip3rl reduces Ca** influx into mitochon-
dria and also leads to a decrease in ROS production [158].

In line with these results, the downregulation of VDACI in
pancreatic beta-cells has a protective effect against high glucose
concentrations and maintains cellular reductive capacity [153].
VDACI depletion in cancer cells has been shown to reprogram
metabolism toward a decrease in energy production, accompanied
by growth arrest [194,195]. Moreover, insulin release and ATP
production in response to high glucose concentrations are improved
in VDACI-depleted cells [153]. In pancreatic islets from db/db mice,
VDACI inhibition leads to enhanced ATP generation and glucose-
stimulated insulin secretion in response to high glucose levels [196]
(Fig 4B).

To explain the hepatic increase in IP3R1-observed obese mice, in
2014 Arruda et al hypothesized that excessive Ca** accumulation in
mitochondria was the cause of impaired glucose metabolism and
insulin sensitivity. In the same study, they showed improved
glucose tolerance when they knocked down IP3R1 [29]. Since the
ablation of VDACI in pancreatic cells also has a protective effect
against high glucose concentrations [153], it is possible that
decreased mitochondrial Ca** accumulation drives an improvement
in insulin signaling.

Another important player in insulin signaling at the MAMs is
mTORC2. mTORC2 signaling is essential for an adequate response
to insulin [197]. Moreover, mTORC2 is implicated in the regulation
of MAM integrity and its ablation results in decreased MAM forma-
tion and insulin resistance [90,197]. Insulin enhances mTORC2
localization at the MAMs [90]. Here, mTORC2 activation induces
inhibitory phosphorylation of IP3R and PACS2 by AKT [90]. PACS2
ablation and IP3R ablation could have a synergistic effect with
mTOCR2 signaling in response to insulin stimuli.

Surprisingly, current data indicate that the repression of some
proteins involved in mitochondria-ER contacts enhances glucose
tolerance and insulin sensitivity by inducing the expression of
FGF21, and perhaps by an independent mechanism related to an
adaptive response of mitochondria which implies reduced mito-
chondrial Ca®* or mTORC2 signaling. Further studies are required
to determine whether those processes are indeed independent or
whether they share common mechanisms.

Why the deletion of certain proteins that participate in
mitochondria-ER contacts results in enhanced or in impaired
insulin sensitivity and glucose tolerance is not known yet. We
believe that the absence of these proteins stimulates several signal-
ing pathways that are related to UPR, FGF21, and an adaptive
mitochondrial response (Fig 4C). The final output, i.e., the
observed phenotype, will depend in each case on the sum of all
the pathways that have been activated. We propose that a sum of
stimuli that results in UPR and therefore JNK activation will
provoke impaired response to insulin and glucose handling. On
the other hand, if the combination of all the stimuli leads to
increased circulating FGF21 and/or an adaptive mitochondrial
response (which would include decreased mitochondrial Ca**
accumulation), the phenotype observed will be an improved
response to insulin and glucose tolerance.
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Proteins whose depletion alters lipid metabolism

Skeletal muscle-specific Atad3 knockout mice show muscle atrophy
in combination with mitochondrial abnormalities that include lack
of cristae, reduced OXPHOS complexes and OPA1 expression, and
progressive  mtDNA depletion [198]. Fibroblasts derived from
patients suffering from ATAD3 gene cluster deletions show impaired
cholesterol metabolism and mtDNA damage, as well as impaired
lipid metabolism [199] (Fig 4D). In agreement with these data,
muscle ATAD3 deficiency reduces the levels of cholesterol esters in
muscle, probably due to reduced Acetyl-CoA acetyltransferase
[199]. The effects of ATAD3 ablation on substrate handling have
not been analyzed. Moreover, ATAD3 ablation decreases steroidoge-
nesis in a mouse cell line derived from Leydig cell tumor [200].

ORPS and ORPS8 depletion leads to altered mitochondria morphol-
ogy and function in HeLa cells [43]. The global ablation of Orp8 in
mice causes a marked elevation of high-density lipoprotein (HDL)
cholesterol and phospholipids, which occurs in the absence of
changes in apolipoprotein A-I [201]. Moreover, the secretion of
nascent HDL particles is enhanced in primary ORP8-deficient hepa-
tocytes, thereby suggesting altered biosynthesis of HDL [201]
(Fig 4D). No information on the impact of ORP8 depletion on
glucose homeostasis is available.

In conclusion, available data suggest that some proteins of
mitochondria-ER contacts play a pivotal role in the modulation of
lipid metabolism. Future studies should address the mechanisms by
which given proteins specifically modulate lipid metabolism in the
absence of changes in energy metabolism.

Architectural, functional, and metabolic aspects of
mitochondria—LD contact sites

Mitochondria and LDs are in active communication in highly meta-
bolic tissues such as BAT, skeletal muscle, and heart [3,202-204]. It
has been reported that the properties of the mitochondria surround-
ing LDs differ to those of mitochondria in the cytoplasm [2,205],
which suggests a context-specific metabolic behavior of mitochon-
dria. A study conducted by Benador et al [2] in BAT revealed that
mitochondria surrounding LDs oxidize pyruvate, generate ATP, and
use fatty acids for triacylglycerol (TAG) synthesis, whereas cytosolic
mitochondria oxidize fatty acids. In addition, it has been reported in
cultured cells that, under nutrient deprivation conditions, mitochon-
dria and LDs interact in order to favor fatty acid oxidation
[206,207]. This observation is in keeping with prior findings

Table 2. Mitochondria-LD contact sites proteins.
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indicating that lack of nutrients enhances fatty acid oxidation [208].
The variable impact of the interaction of LD with mitochondria on
beta-oxidation will require a precise molecular explanation.

Proteins involved in mitochondria—LD contacts

The protein components of mitochondria-LD contact sites have
been only partially characterized (Table 2). A tethering complex
identified to operate in BAT is MFN2-PLIN1 [3] (MFN2 is located in
the mitochondria and PLINI in LDs; Fig 5). Another mitochondrial
protein that interacts with LD proteins is ACSL1 (acyl-CoA synthase
long chain family member 1). BioID technology has revealed the
interaction between ASCL1 and SNAP23 and VAMP4 in LDs [209]
(Fig 5). The LD protein SNAP23 was first suggested to mediate the
interaction between mitochondria and LDs since it was observed
that its ablation reduced the contacts between these two organelles
[210]. Moreover, SNAP23, together with VAMP4, is involved in LD
fusion [211]. The LD protein PLINS has been described to localize at
mitochondria-LD contacts; however, the mitochondrial partner of
this protein is unknown [212,213]. PLINS interacts with ATGL and
ABDHS [214] on the LD surface (Fig 5).

Functional implications of the interaction between mitochondria
and LDs

The associations between mitochondria and LDs influence LD size
and mitochondrial dynamics. Thus, the interaction of mitochondria
with LDs promotes the expansion of the latter [2]. PLIN5 overex-
pression increases mitochondrial recruitment to LDs and LD total
area relative to control cells [2]. Mitochondrial morphology is also
somehow regulated by interaction with LDs [2]: Mitochondria asso-
ciated with LDs are more elongated than free mitochondria and
contain reduced levels of DRP1 and cleaved OPA1 [2]. In turn, mito-
chondrial dynamics also influence LD size and distribution. Thus,
impaired mitochondrial fusion causes an heterogeneous distribution
of lipids throughout the mitochondrial network, greater accumula-
tion of fatty acids in LDs, and increased fatty acid release from the
cell [206]. This increase in fatty acids accumulation and release
probably occurs due to impaired fatty acid oxidation in fragmented
mitochondria.

PLINS is likely to promote the mitochondrial uptake of fatty acids
since it interacts with adipose triglyceride lipase (ATGL) and its acti-
vator ABHDS on the LD surface [214], leading to enhanced lipolysis.
During glucose deprivation, ACSL1 interacts with SNAP23 and
VAMP4 and thus increases mitochondria-LD contact sites [209].
Under these conditions, ACSL1 promotes the synthesis of acyl-CoA

Protein Location Function in the mitochondria-LD contacts

ABDH5 LD Lipolysis [214] (coupled to fatty acid transport into mitochondria?)

ACSL1 oMM Mitochondria—LD tether (?)

ATGL LD Lipolysis [214] (coupled to fatty acid transport into mitochondria?)

MFN2 oMM Mitochondria—LD tether [3] (?), Fatty acid transport into mitochondria [3] (?)
PLIN1 LD Mitochondria—LD tether [3] (?), Fatty acid transport into mitochondria [3] (?)
PLINS LD, OMM Fatty acid transport into mitochondria [214] (?)

SNAP23 LD Mitochondria—LD tether [210] (?), LD fusion [211]

VAMP4 LD Mitochondria—LD tether (?), LD fusion [211]
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Figure 5. The architecture of mitochondria-LD contact sites.

Mitochondria establish contacts with lipid droplets (LDs). Although these
contacts are poorly studied, several proteins have been found to participate in
them. MFN2 in mitochondria interacts with the LD protein PLIN1. Mitochondrial
ASCL1 has been found to form a complex with SNAP23 and VAMP4, both present
on the LD surface. Moreover, PLIN5 has been found both on the surface of LDs
and in the OMM. It is known that PLINS interacts with ATGL; however, the
protein complex through which PLIN5S anchors LDs to mitochondria is still
uncharacterized.

from fatty acids released by LDs, which are then channeled through
mitochondrial beta-oxidation. Such a process may sustain the ther-
mogenic capacity of BAT during its activation [215].

The MFN2-PLIN1 complex may be key for the maintenance of
fatty acid oxidation in BAT and thus for thermogenesis [3]. More-
over, proteomic analysis of the LD-enriched fraction of BAT has
identified the mitochondrial thermogenic protein UCP1 upon cold
treatment [205], thereby suggesting increased cooperation of mito-
chondria and LDs for heat production.

Mitochondria—-LD contacts respond to metabolic alterations
Mitochondria-LD contacts are modulated by nutrient availability in
various tissues. Thus, glucose deficiency promotes LD interaction
with mitochondria in monkey kidney Vero cells and in mouse
primary hepatocytes [209,216]. The interaction of ACSL1 with
SNAP23 and VAMP4 is enhanced upon glucose deprivation in
mouse primary hepatocytes [209]. In agreement with these observa-
tions, SNAP23 expression increases in rat livers during fasting
[217]. Proteomic analysis of purified LDs from mouse livers
revealed that PLINS and ACSL1 proteins are more abundant in
fasted mice [218]. It is likely that the enhanced mitochondria-LD
contacts favor fatty acid oxidation in mitochondria under conditions
of nutrient deprivation or during physiological fasting.
Mitochondria-LD contacts are also modified in BAT under condi-
tions of thermogenic activity. In this regard, Benador et al [2]
reported a 50% decrease in mitochondria contacts with LDs in
primary cultures of BAT from mice maintained at 6°C compared to
BAT of mice under thermoneutral conditions. In contrast, Boutant
et al [3] observed that PLINI-MFN2 interaction is enhanced upon
treatment with an adrenergic agonist in brown adipocytes. In
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agreement with the latter findings, Yu et al [205] detected increased
expression of PLIN1 and ATGL in BAT of mice subjected to cold. No
explanation for the reduced mitochondria-LD interaction upon cold
exposure, under conditions which are linked to greater beta-oxida-
tion, has been put forward to date.

The effects of a HFD, obesity, diabetes, and exercise on
mitochondria-LD apposition have not been studied in depth.
However, it has been reported that these conditions have an impact
on proteins that operate at the interface of these two organelles.
PLIN1 protein levels are decreased in the WAT of mice on a HFD in
comparison with that of animals on a normal chow diet [219]. In
skeletal muscle, two independent studies found that PLINS protein
expression is increased in mice upon exposure to a HFD [220,221].
These findings are in agreement with a study performed in human
muscle biopsies, in which PLINS protein levels were higher in obese
and diabetic patients compared to those of healthy subjects [222].

Exercise influences the expression of proteins located at the
mitochondria-LD interface. Both control and HFD-fed mice
subjected to chronic exercise show increased levels of muscle PLIN1
[221]. Furthermore, the levels of this protein are higher in trained
HFD-fed mice compared to trained mice under a normal diet. Inter-
estingly, triglycerides tended to accumulate more in the muscle of
trained animals and of those on HFD.

In turn, PLINS is upregulated in the primary myotubes of physi-
cally active subjects upon lipolytic stimulation [223]. In agreement
with this, PLINS-positive LDs are higher in muscle sections from
trained individuals and total PLINS is higher in these subjects [222].
Upregulation of PLIN1 and PLINS in skeletal muscle of trained
subjects may participate in the increased contacts that occur
between mitochondria and LDs.

Metabolic impact of alterations in proteins participating in
mitochondria—LD contacts

Disruption of the contacts between mitochondria and LDs may
affect metabolism. However, information in this regard is scarce.
Some animal and cellular models lacking proteins involved in these
contacts have been generated, but the effects observed may not be
fully attributable to the disruption of mitochondria-LD contact sites.

The specific ablation of Mfn2 in BAT in mice impairs lipolysis,
fatty acid oxidation, and respiration, and thus decreases the thermo-
genic capacity of this tissue [3]. Moreover, that study showed that
the lack of MFN2 disrupts fatty acid flux into mitochondria, proba-
bly as a result of impairment of mitochondria and LD contacts.
Mfn2-deficient BAT shows an enhanced expression of FGF21 when
mice are subjected to a HFD, leading to increased circulating levels
of FGF21. Whether FGF21 induction is due to cellular stress that is
specifically dependent on alterations in mitochondria-LD contacts
or to other biological effects of MFN2 remains unknown. However,
under these conditions, the enhanced levels of FGF21 protect Mfn2
knockout mice against lipid accumulation in the liver and lead to
improved hepatic fatty acid oxidation.

Liver-specific PlinS knockout mice show reduced mitochondria-
LDs contacts in hepatocytes, decreased fatty acid oxidation, and
reduced triglyceride secretion [224]. Treatment of these mice with
a HFD induces greater accumulation of TAG, the activation of
JNK, and insulin resistance. Partial ablation of PlinS in muscle
leads to insulin resistance with improved insulin responsiveness
under HFD feeding [220]. Complete ablation of PlinS in skeletal
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muscle results in glucose intolerance, insulin resistance in adipose
tissue, and reduced circulating insulin levels [225]. After HFD
feeding, Plin5 knockout animals show decreased ER stress markers
(p-IREla, spliced XBP1, Atf4), reduced activation of JNK, and
diminished levels of proinflammatory markers (Tnfa, Il6, Ccl2), as
well as decreased levels of muscle, circulating, and hepatic FGF21
compared to wild-type mice. These metabolic alterations are
reversed upon injection of recombinant FGF21. Moreover, in
agreement with these findings, Plin5 overexpression in skeletal
muscle causes increased energy metabolism and accumulation of
more TAG in skeletal muscle under conditions of normal glucose
and insulin tolerance [226]. Upon HFD, the expression of
inflammatory markers in the liver is lower and muscle and plasma
levels of FGF21 are increased. Moreover, when mice overexpress-
ing Plin5 are subjected to a HFD, they show upregulation of
browning markers (Ucpl, Cidea, Adiponectin, Cebpa) in WAT, in
comparison with wild-type mice. In line with these results,
another study found that overexpression of PLINS reduces lipolysis
and fatty acid oxidation and increases glycogen synthesis and
glucose oxidation in human primary myotubes [220]. Neverthe-
less, augmented energy demand by forskolin application increases
lipid oxidation in conditions of PLINS overexpression to a higher
rate than in control myotubes. Laurens et al proposed that higher
energy demands increase the contacts between mitochondria and
LDs in order to optimize fatty acid oxidation and that HFD uncou-
ples LD from mitochondria.

Total Plinl knockout mice are resistant to insulin [219]. Livers of
Plin] knockout mice show spontaneous hepatosteatosis, impaired
glucose metabolism, increased synthesis of TAG, and decreased
fatty acid oxidation [227]. Furthermore, these mice suffer from
hypertrophic cardiomyopathy [228] and increased atherosclerosis
[229]. The depletion of Plinl causes increased circulating levels of
proinflammatory cytokines, TAGs, and free fatty acids accompanied
by white adipose tissue inflammation with higher M1 macrophage
infiltration [219]. This proinflammatory phenotype is driven by
enhanced lipolysis in adipocytes, which leads to increased produc-
tion and the release of prostaglandins.

Snap23 knockdown in HL-1 cardiomyocytes causes insulin resis-
tance in vitro [211]. In the same study, wild-type HL-1 cells exposed
to oleic acid showed increased recruitment of SNAP23 to LDs and
insulin resistance. Insulin resistance was rescued by Snap23 overex-
pression. Since SNAP23 also localizes to the plasma membrane
where it translocates GLUT4, insulin resistance might be caused by
the absence of this protein in the plasma membrane.

Functional and metabolic aspects of mitochondria—
lysosome contact sites

The interaction between mitochondria and lysosomes has been
widely studied upon stress or mitochondrial damage conditions.
Damaged mitochondria are degraded by selective autophagy (mi-
tophagy), and this process implies the fusion of the mitophagosome
with a lysosome (reviewed by Nguyen et al [230]). Moreover, mito-
chondria generate vesicles that trigger lysosomes, mitochondria-
derived vesicles (MDVs), and this process is considered as a way
for mitochondria to degrade proteins or oxidized components (re-
viewed by Sugiura et al [231]). Besides these studies performed
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under stress conditions and revealing indirect interaction between
mitochondria and lysosomes, little is known about physical apposi-
tion of mitochondria and lysosomes in basal conditions. In this
section, we review the recent advances on this field and we analyze
the functional aspects of the apposition between lysosomes and
mitochondria and its crosstalk with metabolism.

Composition and functions of contacts between mitochondria

and lysosomes

Over the past decade, although physical interaction between mito-
chondria and lysosomes had not yet been described, there was
evidence for mitochondria and lysosome crosstalk since disruption
of mitochondria affects lysosomal function and dynamics and lyso-
somal damage triggers mitochondrial homeostasis impairment (re-
viewed by Raimundo etal [232]). Recently, -cutting-edge
microscopy studies have detected the establishment of physical
contacts between lysosomes and mitochondria in healthy cells in
the absence of damage stimulus [1,233]. Besides, the latest discover-
ies in the field point to RAB7 as a master coordinator of these
contacts [6,7,234-236] (Fig 6).

Lysosome-mitochondria contacts are promoted by GTP-bound
lysosomal RAB7 [6]. When a constitutively active GTP-bound RAB7
mutant is expressed, contacts between lysosomes and mitochondria
increase and these are more stable over time. TBC1D15 is a GTPase
activating protein that governs RAB7 activity [237]. Recruitment of
TBC1D15 to mitochondria by FIS1 favors GTP hydrolysis and sepa-
rates lysosomes from mitochondria [6] (Fig 6). TBC1DI15 inactive
mutants can still be recruited to mitochondria; however, they do not
uncouple mitochondria from lysosomes and lysosomes become
larger [6]. Interaction between RAB7 and TBCI1D15 has not been
described yet. Confocal microscopy has revealed colocalization
between lysosomes and sites for mitochondrial division [6] in which,
as we described before, ER tubules participate [58]. These findings
suggest that the interface between these two organelles plays a major
role in the regulation of mitochondrial and lysosomal dynamics.

It has been discovered in retinal ganglion cells of Xenopus laevis
embryos that late endosomes can associate with ribosomes in axons
through RAB7 and RABS and protein translation can occur at the
endosomal membrane [235]. Some mitochondrial proteins such as
VDAC2 can be translated at the surface of these late endosomes and
then be transferred to mitochondria [235] (Fig 6). Mutations in rab?
associated with Charcot-Marie-Tooth disease cause downregulation
of mitochondrial protein translation, mitochondrial elongation, and
diminished mitochondrial membrane potential in the axons [235].
Currently, the proteins in the interorganellar surface that contribute
to mitochondrial incorporation of the newly synthesized peptides
remain unknown.

Melanogenesis is a process influenced by the apposition between
melanosomes and mitochondria [7]. Melanosomes, which are lyso-
somal related organelles that accumulate melanin in pigmented
cells, establish contacts with mitochondria through MFN2 in mela-
nocytes [7] (Fig 6). However, the melanosomal component of these
junctions remains unknown. MFN2 ablation decreases the interac-
tion between mitochondria and melanosomes and arrests melano-
genesis activation [7].

The interface between mitochondria and lysosomes could play a
role in autophagy. It is known that MFN2 interacts with RAB7 in
mouse hearts [234] (Fig 6). This interaction increases upon
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Figure 6. Mitochondria-lysosome interface.
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Several processes take place at the contacts between mitochondria and lysosomes: (A) Regulation of mitochondrial and lysosomal dynamics by RAB7, TBC1D15, and
FIS1 coordination; (B) mitochondrial protein translation in ribosomes anchored to the endosomal surface by interaction with RAB7 and RABS in close proximity to
mitochondria; (C) melanogenesis in melanosomes that interact with mitochondria through MFN2; (D) autophagosome to lysosome fusion, which is supported by MFN2-RAB7
interaction; and (E) possible phospholipid exchange through VPS13A interaction with RAB7.

autophagy induction by starvation and has been proposed to be key
for autophagosome-lysosome fusion [234].

A recent study indicates that lysosomal RAB7 immunoprecipitates
and partially colocalizes with mitochondrial VPS13A in HeLa cells
and that the absence of VPS13A causes impaired lysosomal degrada-
tion [236]. Moreover, a different study has identified a hydrophobic
cavity in the structure of this protein and has proved its capacity to
bind and transfer phospholipids between two membranes [238].
However, it has not been elucidated whether mitochondria and lyso-
somes exchange phospholipids in a non-vesicular manner (Fig 6).

A long DRP1 isoform present in mitochondria, lysosomes, and
plasma membrane is highly enriched in mitochondrial contacts with
lysosomes [239]. This isoform is mainly expressed in the brain and
conserves mitochondrial division capacity [239]. When overexpressed
in MEF, DRP1 long isoform colocalizes with RAB7; nevertheless, it is
not known whether RAB7 and DRP1 interact [239]. GTPase activity
and oligomerization capacity of DRP1 long isoform are necessary for
its localization to lysosomes [239]. The role of this isoform of DRP1 in
membrane junctions remains uncharacterized, although a role in lyso-
somal dynamics has already been discarded [239].

Besides the participation of mitochondria-lysosome contacts in
organelle dynamics regulation, mitochondrial protein translation
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and melanogenesis, and their possible contribution to autophagy
and phospholipid exchange, communication between mitochondria
and lysosomes has been associated with iron translocation to mito-
chondria [240] and lipofuscin deposit formation in lysosomes [241].
Nevertheless, mechanisms for these processes are poorly described
and it is not known whether they take place in a vesicular or non-
vesicular manner.

The effects of mitochondria—lysosome contact modification

on metabolism

Little is known about how the modification of the contacts between
mitochondria and lysosomes affects metabolism. RAB7 role in fat
storage has been reported in C. elegans, in which neuronal silencing
of rab7 results in reduced fat storage [242]. Rab7 knockdown in
mouse bone marrow cells decreases glucose consumption and ROS
excess [243]. The knockout of TBCID15 decreases glucose uptake in
L02 human fetal hepatocytes [244]. Moreover, TBCIDI15 ablation
reduces GLUT4 mRNA and protein levels and this effect is more
dramatic in the presence of insulin [244]. In the absence of
TBC1D15, GLUT4 colocalizes with lysosomes, where it could be
degraded [244]. The authors suggest that TBC1D15 is necessary for
GLUT4 translocation to the plasma membrane. There are no studies
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Box: In need of answers

() What is the precise composition of tethering (and spacer)
complexes responsible for the contacts of mitochondria with other
organelles (ER, lipid droplets, lysosomes, Golgi, peroxisomes, etc.)?

(i) How do the tethering (and spacer) complexes undergo modulation
in a tissue-specific manner in response to hormonal or nutritional
alterations? What are the mechanisms involved?

(iii) Do the tethering complexes functionally interact with other teth-
ering/spacer complexes or with functional proteins present in
contacts? If so, what is the nature of the mechanisms involved?

(iv) Identification of the precise functions operating in the different
contact sites, and characterization of the complexes involved in
the catalysis present in those contacts. Analysis of the modes of
regulation of the functional complexes in response to hormonal
and/or nutritional cues.

(v) What are the mechanisms by which mitochondria within a speci-
fic cell type show a heterogeneous interaction with specific orga-
nelles such as lipid droplets?

(vi) Because some of the proteins involved in tethering or in function
in contact sites are present in multiple locations in cells, there is a
need to design strategies to identify the specific function of the
protein located in the contact site rather in other locations.

(vii) How do alterations in proteins present in contact sites impact on
metabolic homeostasis? Why do some proteins mediate enhanced
anabolism whereas others mediate inhibited anabolism, and other
alterations in lipid metabolism? What is the physiological mean-
ing, and what the mechanisms in place?

linking these observations on RAB7 and TBC1D15 with mitochondria—
lysosome interaction.

Impact of metabolism on mitochondria—lysosome contacts

The influence of metabolic homeostasis on mitochondria-lysosome
contacts in mammalian cells is an unexplored field. Related findings
have been discovered in yeast [245]. Yeast vacuoles interact with
mitochondria through Ypt7, the yeast homologue of RAB7, and
Vps39 in the vacuole [245] and Tom40 in the mitochondria [246].
In the absence of glucose, vacuole-mitochondria contacts are lost,
but upon addition of glucose to the growth medium, these contacts
slowly reappear [245]. This study is the first evidence that glucose
levels modulate mitochondria-lysosome contacts in yeast cells;
nevertheless, more insight is necessary into how glucose depriva-
tion affects these contacts in mammalian cells.

Under insulin or amino acid stimuli in mammalian cells, lysoso-
mal mTOCRC1 is activated and stimulates mitochondrial oxidative
pathways and mtDNA synthesis [247]. RAB7 interacts with mTOR
in mouse bone marrow cells [243]. It is not known whether this
interaction occurs in other cell types. Given the importance of
mTOR in response to nutrient availability and RAB7 in the interac-
tion between mitochondria and lysosomes, this complex is a poten-
tial candidate to modulate mitochondria-lysosome contacts in
response to metabolism.

Contacts of mitochondria with peroxisomes and the
Golgi apparatus

Peroxisomes and mitochondria establish physical contacts, and
this interaction influences cell metabolism [1,8,248]. ECI2, a
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peroxisomal enoyl-CoA isomerase, is so far the only protein estab-
lished as part of a mitochondria—peroxisome tethering complex [8].
A proximity ligation assay has revealed that peroxisomal ECI2 and
mitochondrial TOM20 interact in MA-10 Leydig-like cells [8],
although more precise analyses of this interaction such as co-immu-
noprecipitation or two-hybrid screening have not been performed.
Overexpression of ECI2 results in increased steroid biosynthesis [8],
a metabolic process that takes place in mitochondria. Moreover,
MAMs associate with peroxisomes during antiviral immune signal-
ing [249,250]. Beta-oxidation needs the interplay between both
compartments: Very long chain fatty acids (> 16 carbons) are short-
ened in peroxisomes (to 6-8 carbons fatty acids) and then preferen-
tially translocated to mitochondria for complete oxidation [251].
How shortened fatty acids are shuttled from peroxisomes to mito-
chondria remains unknown.

Golgi apparatus and mitochondria also communicate with each
other by physical interaction [1,4]. Nevertheless, the key players of
this apposition remain unknown. The existence of Ca*" gradients
from the Golgi apparatus to mitochondria has been discovered in
pancreatic acinar cells [4], although the existence of calcium chan-
nels for active or passive calcium transport has not been clarified
yet.

Future perspectives

The interaction between organelles is an emerging field that is
gaining importance due to the physiological implications of orga-
nelle contact sites. In this regard, mitochondria contacts with the
ER are the better characterized ones to date and their functional
and metabolic aspects have already been highlighted. Neverthe-
less, the full composition of tethering complexes still needs to be
discovered. Mitochondria interacting with lipid droplets show dif-
ferent metabolic behavior compared with those mitochondria that
are free in the cytosol. Studies on the interaction of LD and mito-
chondria have generated two hypotheses: The first hypothesis is
that mitochondria-LD interaction favors beta-oxidation, and the
second hypothesis is that mitochondria-LD interaction results in
increased TAG synthesis. More insight is needed to determine
whether metabolic behavior of mitochondria associated with LDs
depends on the energetic demands of the tissue or the whole body.
Lysosome-mitochondria contacts in mammalian cells are still
poorly described but currently in the spotlight of research.
Whether reciprocal dynamics regulation exerted between mito-
chondria and lysosomes has any metabolic implications is yet to
be discovered. The key players in the communication between
mitochondria and peroxisomes have not been deciphered. Future
characterization of this interaction will be metabolically relevant
since peroxisomes and mitochondria interact during beta-oxidation
of fatty acids. Although several studies have revealed an interac-
tion between mitochondria and the Golgi apparatus, the functional
and structural features of this interaction remain unknown. How
Ca®" is transferred from the Golgi apparatus to mitochondria and
what Ca** flux between these organelles signals for has not been
discovered yet. It is possible that metabolic features of mitochon-
dria could depend on their interaction with other organelles, which
we hypothesize would be determined by the organ or tissue ener-
getic requirements. A tissue-/cell-specific characterization of
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contact sites is lacking, but it will be fundamental for a better
understanding of contact sites influence on metabolism. Future
discoveries on organelle contact sites will fill these gaps and trans-
form our understanding of cellular physiology and metabolism
regulation and likely will provide us with new tools for targeting

metabolic disorders.
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